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TAF n 105, a substoichiometric coactivator subunit of 
TFIID, is important for activation of anti-apoptotic 
genes by NF-#cB in response to the cytokine tumor ne- 
crosis factor (TNF)-ot. In the present study we have an- 
alyzed the mechanism of TAF n 105 function with respect 
to its regulation of p65/RelA, a component of NF-kB. We 
found two independent p65/RelA-binding domains 
within the N terminus of TAF n 105. One of these domains 
appears to be crucial for TAF n 105 -mediated anti-apop- 
totic gene activation in response to TNF-a. Analysis of 
the interaction between TAF n 105 and different NF-kB 
complexes has revealed substantial differences in the 
affinity of TAF„105 toward different p65/RelA-contain- 
ing dimers. We have identified the TNF-a induced anti- 
apoptotic A20 gene as a target gene of TAF n 105. A20 has 
a differential protective effect on cell death induced by 
TNF-a in the presence of either the dominant negative 
mutant of TAF n 105 (TAF n 105AC) or the superdominant 
IkB«. The results suggest that the inhibitory effect of 
TAF n 105AC on NF-«B-dependent genes is restricted to a 
subset of anti-apoptotic genes while the effect of IfcBa is 
more general. Thus, an interaction between NF-kB and a 
specific coactivator is important for specifying target 
gene activation. 



An important issue in control of gene expression is the mech- 
anism underlying the specificity of the cellular response to 
extracellular signals. In many cases this response is mediated 
by specific transcription factors that are activated by signaling 
pathways. In recent years considerable progress has been made 
in imderstanding the molecular mechanism by which signaling 
pathways regulate transcription in a variety of cellular sys- 
tems. Nevertheless some serious problems remain unsolved. 
For instance, certain transcription factors can be activated by 
several distinct signals; yet, the genes induced by these factors 
and thus the cellular response vary significantly. The molecu- 
lar basis for such differential activation of genes by specific 
transcription factors is not yet clear. 

One family of transcription factors that is activated by a 
broad range of extracellular signals is NF-kB. The signals 
include inflammatory cytokines, chemokines, interferons, ma- 
jor histocompatibility complex proteins, growth factors, cell 
adhesion molecules, viruses, and certain stress signals (1). 
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NF-kB transcription factors also regulate apoptosis. They me- 
diate activation of survival genes that protect cells from apop- 
tosis induced by various agents such as the cytokine TNF-a 1 
(2), certain oncogenes (3, 4), ionizing radiation, and chemother- 
apeutic agents (5). However, under some circumstances, NF-kB 
has the opposite effect, and can activate genes that promote 
apoptosis (6, 7). 

The transcriptionally active NF-kB is a dimeric complex 
composed of members of the Rel family of proteins, p65/RelA, 
p50, c-Rel, RelB, and p52 (8). In most cells, these factors are 
localized in the cytoplasm bound by IkB proteins, a family of 
inhibitory proteins that prevents nuclear transport of NF-kB 
proteins. Signals that activate NF-kB, such as cytokines or 
stress, induce phosphorylation of IkB and its subsequent deg- 
radation, thereby releasing NF-kB. NF-kB then translocates 
into the nucleus and activates its target genes (1). 

Previously we reported that hTAF n 105 serves as coactivator 
for the p65/ReiA NF-kB subunit and is required fcr activation 
of certain anti-apoptotic genes in human 293 cells (9). This 
function of hTAF n 105 involves direct interaction between the 
p65 aubunit of NF-kB and the N-tenninal domain of 
hTAF H 105. In addition to hTAF n 105, numerous reports have 
indicated that the coactivator protein CBP and its homolog 
p300 are also involved in transcription activation by p65 sub- 
unit of NF-kB (10, 11). Likewise, other TFIID subunits such as 
hTAF n 250, hTAF„80, and hTAF n 2& have been reported to 
bind p65/RelA (12). Most recently, p65 was also found to inter- 
act specifically with the composite coactivator ARC/DRIP and 
this complex supports NF-kB dependent transcriptional acti- 
vation in vitro (13). At present it is not clear whether these 
coactivator complexes display redundant functions, or whether 
transcription activation by NF-kB utilizes each of these com- 
plexes sequentially. 

We report here a detailed analysis of TAF H 105-p65/RelA 
physical and functional interaction. Our findings suggest that 
TAF n 105 is involved in activation of only a subset of NF-kB 
genes and this selective effect of TAF n 105 is associated with 
preference for selected forms of p65/RelA complexes. These 
results reveal the importance of combinatorial interactions be- 
tween activators and coactivators for differential target gene 
activation. 

MATERIALS AND METHODS 

In Vitro Binding Experiments — The N-terminal fragments of 
TAFjjlOS were expressed as GST fusion in Escherichia coli. The recom- 
binant proteins were purified and immobilized on glut athi one- Sepha- 
rose beads. ^S-Labeled p65 was synthesized in vitro by T7 RNA po- 
lymerase and rabbit reticulocytes lysate (Promega TNT kit), and 
incubated with the different GST purified proteins in 0.1 m KC1 HEMG 



1 The abbreviations used are: TNF, tumor necrosis factor; GST, glu- 
tathione S- transferase; RT-PCR, reverse transcriptase-polymerase 
chain reaction; CMV, cytomegalovirus; GFP, green fluorescent protein; 
GAPDH, glyceraldehyde-3- phosphate dehydrogenase. 
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buffer (20 mM HEPES, pH 7.9, 100 mM KC1, 12.5 mM MgCl 2 , 0.2 mM 
EDTA, 0.1% Nonidet P-40, 1 mM dithiothreitol, 0.2 mM phenyl methyl- 
sulfonyl fluoride) for 2 h at 4 °C. The beads were washed 3 times with 
the same buffer and twice with 0.2 m KC1 HEMG buffer. The bound 
proteins were eluted by boiling in protein sample buffer 5 min followed 
by SDS-PAGE and autoradiography. 

- Nuclear extracts (50 15 figffil) from BJAB cells in 0.1 M HEMG + 
0.1% Nonidet P-40 were incubated with GST105AC or with GST beads 
as described above. After the washes, bound proteins were eluted with 
1 M NaCl HEMG, loaded on SDS-PAGE, and analyzed by Western blot, 
using anti-p65 and anti-p50 antibodies (Santa Cruz). 

Plasmids— pCMV-TAF n 105, pCMV-TAF ir 105AC-(l-552) and 
pCMV-TAF„105AC-(l-452) were previously described (9). 
TAF n 105AC-(A453-471) was constructed by ligating a PCR fragment 
encoding amino acid 472-552 to the 3' of TAF n 105AC-(l-452) digested 
with tfmdIII and filled in. GST-TAF n 1 05 AC-( 1-552) was described 
previously. GST-TAF„105-(21 1-358) was constructed by ligating a 
Sau3A-Pvull fragment into BamHI-Smal of pGEX2TK. GST-TAF„105- 
(350-445) was constructed by ligating an Haelll fragments 1048-1335) 
into Stul site of pGEX2TKN. The DNA encoding amino acids 411-552 
was generated by PCR and cloned into iVcoI-£coRI sites of pGEX2TKN. 
GST-TAF„105-(411-445) was generated by digesting 411-552 with 
iVcoI and ifaelll and ligating into pGEX2TKN digested with ATcoI and 
Stul. 445-552 is an Haelll-EcoRl fragment from GST-TAF„105-(1- 
552) cloned into Stul-EcoKL of pGEX2TKN. The fragment encoding 
amino acids 472-552 was generated by PCR and cloned into the Smal- 
BamUl digest of pGEX3. The cDNA encoding the A20 gene (2.4 kilo- 
bases) was obtained by PCR from human Daudi cDNA library. The 5' 
oligonucleotide was AGTCCTTCCTCAGGCTTTGTA; and the 3' oligo- 
nucleotide, CCCACTTCTTGCAGGAGGTGA. To construct the A20 ex- 
pression plasmid, CMV-A20, the cDNA was cloned in pCGN vector in 
Smal site. The insert was sequenced and expression was verified by 
Western blot using anti-hemagglutinin antibody (data not shown). To 
generate the A20 luciferase reporter plasmid. a Pstl fragment from 
A20-C AT (a gift of Dr. Dixit, V), spanning the proximal promoter region, 
was cloned in the Pstl site of pLuc, a promoter-less reporter plasmid. 
The NF-kB deleted A20 promoter was generatd by PCR. 

RNA Preparation and RT-PCR Analysis — Total RNA was prepared 
from 293 cells, untreated or treated with TNF-a for 1-3 h, using Trizol 
reagent (Life Technologies, Inc.), according the manufacturers instruc- 
tions. To determine the effect of TAF„105 and IkB on A20 mRNA, 
subconfluent 293T cells in 100-mm plates were transfected with 3.5 ^g 
of the different expression plasmids in a total of 10 fig of DNA. RNA 
preparations were treated with RQ1 DNase I (Promega) to avoid con- 
tamination of genomic and transfected DNAs. First strand cDNA and 
PCR amplification were performed in a single tube using the Access 
RT-PCR System (Promega). The oligonucleotides used for RT-PCR are: 
GAPDH forward, TTGTCATCAATGGAAATCCC; GAPDH reverse, 
TGTCGCTGTTGAAGTCAG; A20 forward, CACACAAGGCACTTGGA- 
TCC; A20 reverse, CAGGATGTTCTTGCAGGAGG; Al forward, CAA- 
GACTTTGCTCTCCACCA; Al reverse, GGCAATCGTTTCCATATCA- 
GT; MnSOD forward, ATGTTACAGCCCAGACAGC; MnSOD reverse, 
TTCAATCACTTGCCCAATAA; IEX-1L forward, AGGCAACTTGAAC- 
TCAGAACA; IEX-1L reverse, CTCGCAGCCACCCTAA; BclxL forwa- 
rd, ACCCATCCTGGCACCTGGCA; Bcl-xL reverse, GGATCCAAGGC- 
TCTAGGTGG; cIAP2 forward, GAAATAAGGGAAGAGGAGAG; cIAP2 
reverse, TACGAACTGTACCCTTGATT. Oligonucleotides used as 
probes for the RT-PCR products were GAPDH, TGAAGCAGGCGTCG- 
GAGGGC, and A20, AGATCCCTCGCGGCTCGTCC. 

Propagation and Transfection of Cell Lines — 293 cells are embryonic 
kidney fibroblasts. 293T cells express SV40 large T-antigen and there- 
fore allow replication of plasmids bearing SV40 origin. 293, 293T, and 
HT1080 cell lines were maintained in F-12 Dulbecco's modified Eagle's 
medium supplemented with 10% fetal bovine serum. Transfection s 
were performed using the standard Ca/P0 4 method. . 

For apoptosis assays, 293 cells were transfected in 6-well plates 
using a total of 3 fig of plasmid DNA/transfection. Transfections were 
performed with 0.2-0.6 fig of p65 DNA; 0.5-0.6 fig of TAF„105 or 
TAF n 105AC DNA; 0.5-0.6 of IkB DNA and 0.3-0.5 fig of A2Q. Reporter 
assays were performed as described previously (9). The amount of the 
different activator plasmids varied between 5 and 20 ng, and TAF n 105 
plasmid used was 300-500 ngAvell. In each transfection the amount of 
CMV containing plasmid was kept constant. Luciferase activity was 
determined according to the manuacturer's protocol (Promega). 

Electropkoretic Mobility Shift Assay — Nuclear extracts were pre- 
pared as described (38) from 293 cells treated with 10 ng/ml TNF-a for 
1 h, or 48 h after transfection of NF-kB subunits as indicated. A double 
stranded oligonucleotide, containing the NF-kB site was labeled with 
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Fig. 1. Mapping of p 65 -binding domain on TAF n 105. A, sche- 
matic representation of TAF n 105 deletion mutants derived from its 
N-terminal region. These mutants were analyzed for p65/RelA binding 
as shown in B. The relative binding was determined by normalizing p65 
binding activity to the amount of recombinant protein used and is 
shown on the right as + or -. B, pull-down binding assay using 36 S- 
labeled p65/RelA and purified fragments of TAF n 105 (indicated by their 
amino acid residues) fused to GST and bound to glutathione beads. As 
control, a similar reaction was performed using the same beads bound 
by GST (lanes 2 and 8). The input lanes represent 10% of p65 used for 
the binding assay. 

Klenow fragment of DNA polymerase I as probe. The oligonucleotides 
sequence is: 5 ' -GATCCAGAGGGGACTTTTCCGAGAG-3 ' ; 5'-GATC- 
CTCTCGGAAAGTCCCCTCTG-3 ' . 

Purified recombinant GST or GST-TAF n 105 fragments (1 fig) were 
added to the binding reaction together with the DNA probe and incu- 
bated at room temperature for 30 min before loading onto the gel. 

Cell Survival Assay — For the survival analysis 293 cells in 6-well 
plates were co- transfected with pBabe-GFP reporter plasmid (50-100 
ng) together with the indicated expression vectors (500 ng each). TNF-a 
(5 ng/ml) was added 12-24 h after transfection and 48-60 h after 
transfection cells were visualized by microscope for green fluorescent 
cell detection. The number of GFP cells was determined by counting 
three different randomly chosen fields. 

RESULTS 

Inhibition of Anti-apoptotic Gene Activation by Dominant 
Negative Mutant of TAF n 105 Involves Direct Interaction with 
p65/RelA — TNF-a induction stimulates a protein synthesis in- 
dependent apoptotic response. In cells resistant to the TNF-a 
cytotoxic effect, it also induces expression of proteins that block 
apoptosis and this activation is mediated by NF-kB. TAF n 105 
interacts with the p65/RelA subunit of NF-kB and is involved in 
activation of NF-KB-dependent anti-apoptotic genes in human 
293 cells (9). To examine the mechanism of TAF n 105 action 
with respect to NF-kB, we mapped the domain within the 
TAF n 105 N terminus directing the interaction with p65/RelA. 
For this purpose various fragments of TAF n 105 N-terminal 
domain were cloned in front of the glutathione S-transferase 
(GST) gene (Fig. LA). The different fusion proteins were puri- 
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Fig. 2. Functional analysis of 
TAF n 105AC mutants. A, schematic rep- 
resentation of TAF n 105AC derived mu- 
tants cloned in mammalian expression 
plasmids. B, immunoblot of 293 cells 
transfected with the either empty vector 
{lane 1) or different TAF„105AC mutants 
(lanes 2-5) using anti-hem agglutinin an- 
tibody. C, effect of TAF„105AC mutants 
on p65-dependent transcription activa- 
tion. Human 293 cells were co-transfected 
with an NF-KB-dependent luciferase re- 
porter, together with an empty expression 
plasmid (column 1) or p65 (column 2), or 
p65 with different mutants of TAF^IOSAC 
(columns 3-5). Luciferase activity was 
monitored 24 h post-transfection. D, sur- 
vival analysis of cells transfected with the 
different TAF n 105AC mutants and in- 
duced by TNF-a. 293T cells were co-trans- 
fected with CMV-GFP reporter plasmid 
and an empty vector or the expression 
plasmids described in A. 24 h after trans- 
fection TNF-or was applied to the cells and 
48 h later, fluorescent cells in five ran- 
domly chosen fields were counted. These 
data are representative of three inde- 
pendent transfection experiments with 
similar results. E, 293T cells were trans- 
fected with an empty expression plasmid 
(lanes 2 and 3) and TAF„105AC (4 and 5) 
and either untreated (lanes 2 and 4) or 
treated with 15 ng/ml TNF-a (lanes 3 and 
5). Transfection efficiency was estimated 
to be —80%. Genomic DNA was extracted 
48 h after transfection and analyzed by 
1.8% agarose gel. Af indicates DNA size 
marker (lane 1). 
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fied from E. coli and used for an in vitro pull-down assay with 
35 S-labeled p65/RelA subunit of NF-kB (Fig. IB). This analysis 
revealed two p65/RelA-binding regions within TAFj,105 (Fig. 
LB, lanes 4 and 6'). Quantitation of the relative binding indi- 
cated that the C-terminal-binding domain interacts with p65/ 
RelA more efficiently. Further deletion analysis of the major 
p65/RelA-binding site indicated that the amino acid residues 
between 445 and 472 are crucial for p65 binding (lanes 7-12). 

Based on the binding experiments we constructed mamma- 
lian expression plasmids carrying mutated variants of 
TAF H 105AC, a dominant negative form of TAF„105 (Fig. 2A). 
We next analyzed the inhibitory effect of TAF n 105AC mutants 
on p65/RelA-mediated transcription activation in 293 cells. As 
shown in Fig. 2C, the TAF n 105AC mutant lacking the major 
p65-binding domain is a less potent inhibitor of p65/RelA tran- 
scription activity than the mutants carrying p65-binding do- 
main (columns 3-5). Next, we examined the effect of these 
mutants on NF-KB-dependent anti-apoptotic gene activation in 
response to the cytokine TNF-a. We used the green fluorescent 
protein (GFP) expression assay to measure cell viability of 
transfected cells (Fig. 2D). A significant reduction in cell via- 
bility in response to TNF-a is observed in cells expressing any 



form of TAF I3 105AC containing the p65/RelA binding (Fig. 2D) 
as occurred also in cells expressing superdominant IkB (Fig. 7). 
We confirmed that this effect is related to programmed cell 
death by analyzing the genomic DNA of cells expressing 
TAF H 105AC and induced with TNF-a (Fig. 2E). The DNA lad- 
der characteristic to apoptotic response is clearly observed in 
cells expressing TAF n 105AC and stimulated with TNF-a (lane 
5) while no DNA fragmentation appeared in TNF-a-induced 
293 cells transfected with empty expression vector (lane 3). 
Notably, the survival of 293 cells seems to be partially depend- 
ent on the constitutive nuclear NF-kB activity since expression 
of either superdominant IkB (Fig. 7) or TAF n 105AC (Fig. 2D) 
reduces by 20-30% cell survival of transfected cells without 
providing external apoptotic signal. TAF n 105AC lacking the 
p65/RelA-binding region failed to inhibit the basal as well as 
TNF-a induced anti-apoptotic gene activation and to sensitize 
cells to TNF-a cytotoxic effect (Fig. 2D, columns 7-10). These 
results suggest that the p65-binding domain of TAF n 105 is 
crucial for its anti-apoptotic function. 

Differential Binding of Distinct Forms of NF-kB to 
TAF n 105 — Transcription activation through the NF-kB regu- 
latory site can be directed by different dimers of the NF-kB 



Fig. 3. Differential binding of 
TAF U 105 to different forms of NF-#cB. 

A, electrophoresis mobility shift assay us- 
ing the NF-KB-binding site as DNA probe. 
Nuclear extracts were prepared from con- 
trol (lanes 1 and 10-12 shown after longer 
exposure), p65 transfected (lanes 2-5), 
and 1 h TNF-a-treated 293 cells (lanes 
6-9). Purified recombinant GST or GST 
fused to TAF U 105 fragments were added 
to the DNA binding reactions as indicated 
at the top each lane. B, identification of 
NF-kB subunits of the TNF-a induced 
complexes using NF-kB specific antibod- 
ies as indicated. C, analysis of TAF n 105 
binding by transfected p50/p50, p65/p50, 
and p65/c-Rel complexes. Antibodies 
against p65 and c-Rel were used to con- 
firm the presence p65 and c-Rel in the cell 
extract prepared from p65 4- c -Re! -trans- 
fected cells (data not shown). 
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family. p65/KelA can dimerize with all the family members . A 
possible regulatory mechanism for specifying gene transcrip- 
tion would be if various combinations of NF-kB dimers display 
differential coactivator binding. We have compared the relative 
binding of TAFnlOS to different forms of NF-kB complexes: 
constitutive, TNF-a induced, and transfected NF-kB dimers. 
Nuclear extracts, prepared from control, TNF-a-induced, and 
NF-KB-transfected 293 cells, were used in electrophoresis mo- 
bility shift assays with a labeled oligonucleotide specific to the 
NF-KB-binding site. The DNA binding reaction was incubated 
with TAF n 105 recombinant fragment which included the major 
p65-binding domain (GST-(445-551)). A mutated TAF n 105 
protein lacking the p65-binding region (GST-(470-55D) was 
used as a control (Fig. 3). As expected, strong NF-kB binding 
activity was detected following TNF-a induction or transfection 
of various NF-kB members (Fig. 3, A and C). TNF-a induced 



the formation of two major NF-kB binding complexes (Fig. 3A). 
Using antibodies directed against different subunits of the 
NF-kB family, we identified the low mobility complex as a 
homodimer of p65 and the faster migrating complex as a p65/ 
p50 subunit heterodimer (Fig. SB). Interestingly, among the 
TNF-a induced NF-kB complexes, the p65/p65 homodimer but 
not the p65/p50 complex formed a ternary supershifted com- 
plex with the wild type although not with the p65-binding 
site-deleted TAF n I05 peptide (Fig. 3A, lanes 6-9). The forma- 
tion of the supershifted complex is accompanied with 53% 
reduction in the intensity of p65/p65 complex and less signifi- 
cant reduction in the intensity of p65/p50 complex (5%) as 
determined by densitometric analysis (see also Fig. 3A, short 
exposure). Similarly, the constitutive NF-kB complex which is 
also composed of a p65 homodimer (data not shown), bound 
TAF n 105 efficiently (Fig. 3A, lanes 10-12). Incubation of p65 
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homodimeric complex derived from transfected cells with the 
GST-(445-552) TAF n 105 fragment resulted in a weaker p65 
complex (Fig. 3A, lane 5, 38% reduction). A weak ternary su- 
pershifted complex could be seen only after prolonged exposure 
(data not shown). It is likely that this ternary complex is not 
.stable under the electrophoresis conditions indicating this type 
of p65 homodimeric complex bound TAF n 105 less efficiently 
than native p65/p65 complex such as the TNF-a induced or the 
constitutive p657p65 complex (Fig. 3A compare lanes 5-9 and 
12). This suggests that the affinity of TAF n 105 for the p65 
homodimer may also be regulated, perhaps by signaling path- 
ways. p65/p50 or p50/p50 dimers derived from transfected cells 
were impaired in TAF n 105 association in this assay (Fig. 3C, 
lanes 3-6). In contrast, the p65/c-Rel heterodimer did bind to 
TAF n 105 (Fig. 3C, lanes 7-9). 

To further test the association of TAF U 105 with NF-kB pro- 
teins we used nuclear extract prepared from the B cell line 
BJAB. This extract was incubated with immobilized TAF n 105 
(N terminus, amino acid 1-552) and bound NF-kB subunits 
were analyzed by Western blot using antibodies specific to 




p65- 



p50 



Fig. 4. Selective interaction of hTAF n 105 with p65 ho- 
modimer. Purified TAF n 105 protein (GST105AC, amino acid 1-552) 
fused to GST and bound to glutathione-Sepharose beads, or control 
GST-containing beads were used for binding reaction with nuclear 
extract prepared from the human B cell line BJAB. The bound proteins 
were eluted by high salt and subjected to SDS-polyacrylamide gel 
electrophoresis followed by Western blot analysis using anti-p65 or 
anti-p50 antibodies. Input lanes represent 10% of the total nuclear 
extract used for the binding. 



either p65 or p50 subunits of NF-kB. As shown in Fig. 4, only 
p65 but not p50 was specifically retained on TAF n 105 contain- 
ing beads. Since this BJAB extract contains p65/p50 complex 
(data not shown), this experiment further confirms the prefer- 
ence of TAF n 105 to p65 dimers devoid of the p50 subunit. 
Taken together these findings indicate that NF-kB dimers vary 
in their affinity to TAF„105. 

The TNF-a Inducible Anti-apoptotic Gene A20 Is a Tran- 
scriptional Target of TAF n 105 — Numerous studies have indi- 
cated that NF-kB anti-apoptosis involves activation of several 
genes that inhibit, partially or fully, the TNF-a cell death 
response. In an attempt to identify anti-apoptotic gene(s) tar- 
geted by TAF n 105 in 293 cells, we first examined the expres- 
sion of these genes in response to short term TNF-a induction 
using RT-PCR. We analyzed the manganese superoxide dis- 
mutase gene (14), the A20 gene (15), cIAP2, a member of 
inhibitor of apoptosis family of genes (16, 17), the bcl-2 homolog 
Al gene (18) and IEX-lh (19). We also tested the expression of 
BclX L , an anti-apoptotic gene that is not induced by TNF-a and 
the housekeeping gene GAPDH. Of all these genes, the A20 
gene was rapidly and most significantly induced by TNF-a (Fig. 
5A). The IEX-1L was moderately induced and the rest of the 
genes analyzed were not induced at all by TNF-a. The finding 
that only two out of the five NF-KB-dependent anti-apoptotic 
genes that we analyzed are TNF-a inducible in 293 cells sug- 
gests that in different cell types, resistance to TNF-a induced 
cell death is conferred by different sets of anti-apoptotic genes. 

To examine the possible involvement of TAF n 105 in A20 
transcription, we tested whether the endogenous A20 raRNA 
level is affected by TAF n 105 expression. 293 cells were tran- 
siently transfected with wild type or dominant negative mutant 
TAF„105AC and treated with TNF-a for 1 h. RNA was ex- 
tracted and used to monitor the level of the A20 mRNA by 
RT-PCR reaction. TAF„105 expression elevates the TNF-a- 
induced A20 mRNA whreas TAF n 105AC inhibits it (Fig. 5, B 
and C). The effect of TAF n 105 is specific since it had no signif- 
icant effect on the level of GAPDH mRNA. In agreement with 
a previous study (20), we found that the transcription of the 
A20 gene is NF-kB dependent, since expression of superdomi- 
nant IkB similarly inhibited A20 transcription. Thus, induction 
A20 mRNA by TNF-a involves NF-kB proteins and the TFHD 
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Fig. 5. A, analysis of TNF-a inducible 
genes in human 293 cells. 293 cells were 
treated with TNF-a (5 ng/ml) for 1 h and 
expression of the indicated genes was de- 
termined by RT-PCR. These results are 
representative of two to four experiments 
with similar results. B, effect of TAF n 105 
expression on mRNA level of the TNF-a 
induced A20 gene. Human 293T cells 
were transfected with the indicated ex- 
pression plasmids (transfection efficiency 
is above 50%). 24 h post-transfection cells 
were treated with TNF- a for 1 h followed 
by RNA extraction and RT-PCR reaction 
using human A20 or GAPDH specific 
primers. The identity of the PCR products 
was confirmed by southern hybridization 
(data not shown). C, quantitation of A20 
RT-PCR product level normalized to 
GAPDH products. These results are aver- 
age of three independent transfection ex- 
periments with similar results. 
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Fig. 6. The effect of TAF n 105 on the 
A20 promoter activity. A, human 293 
cells (in 24-well dish) were co-transfected 
with wild type or NF-KB-deleted A20-de- 
pendent reporter piasmid (25 ng) together 
with either empty expression vector or 
the following expression plasmids: 
TAF„105 (150 ng, columns 3, 5, 7, 9, 13, 
and 14), p65 (3-5 ng, columns 6-10, 12, 
and 14\ 500 ng of IkBo {columns 2, 5, 8, 
and 9), and 500 ng of TAF n 105AC (col- 
umns 4 and 10). The amount of CMV de- 
rived vector in each transfection assay 
was kept constant. B, similar transfection 
experiment using TNF-a instead of p65. 
24 h after transfection TNF-a (1.5-3 ng/ 
ml) was added and 3 h later cells were 
harvested. C, similar transfection assays 
as in B using HT1080 cells. The results 
presented are average of three independ- 
ent transfection assays with similar 
results. 
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complex containing TAF n 105. 

TAFjj105 Modulates A20 Promoter Activity — The proximal 
promoter region of the A20 gene contains two NF-fcB-binding 
sites that are crucial for the TNF-a inducibility of this gene 
(20). To further test the involvement of the TAF„105-TFIID 
complex in A20 transcription we determined the effect of 
TAF n 105 on the promoter activity of the A20 gene. 293 cells 
were transfected with a luciferase reporter gene under the 
control of the A20 promoter together with p65 subunit of NF-kB 
and TAF n 105. TAF n 105 enhances both, basal and p65 induced 
activity of the A20 promoter (Fig. 6A, columns 3 and 7), and 
this induction requires the presence of NF-kB proteins as 
TAF n 105 fails to induce the A20 promoter activity in the pres- 
ence of the NF-kB inhibitor protein, IkB (columns 5 and 9) or 
when NF-kB sites were deleted from the promoter (columns 
11-14). We also examined the effect of the dominant negative 
mutant of TAF n 105 on the A20 promoter activity. TAF„105AC 
inhibited the basal and p65 induced activity of the A20 pro- 
moter (compare columns 1 and 4 to 6 and 10). The inhibition of 
basal and induced A20 promoter activity by TAF n 105AC is 
similar to that of IkB (columns 5 and 8). 

We then tested the effect of TAF n 105 on the TNF-a induced 
activity of the A20 promoter. Here again TAF n 105 enhances 
the TNF-a induced promoter activity (Fig. 6B, column 3) and 
TAF n 105AC abolished this induction (column 6). In the pres- 
ence of IkB, or when the NF-KB-binding site is deleted, 
TAF n 105 fails to enhance A20 promoter activity (column 5) 
indicating that enhancement of TNF-a stimulated promoter 
activity by TAF n 105 requires the NF-kB proteins. Similarly, 
TAF n 105 further stimulated the activity of the A20 promoter 



in the human fibroblast cell line HT1080 (Fig. 30) indicating 
that the effect of TAP n 105 on the A20 promoter is not restricted 
to 293 cells. 

A20 Suppresses TAF n 105 AC-induced Cell Death More Effi- 
ciently than iKBa-induced Cell Death — The early TNF-a in- 
duced gene A20 is a zinc finger-containing protein involved in 
modulation of TNF-a signaling (21) and inhibition of apoptotic 
proteases (22). A20 confers resistance to TNF-a cytotoxicity 
and to other apoptotic signals in certain cell types (15, 23-25). 
Since promotion of cell death by TAF n 105AC and IkBo is 
associated with inhibition of anti-apoptotic genes such as A20> 
we tested whether overexpression of the A20 gene would pro- 
tect cells from the apoptotic effect of TAF U 105AC or IkBo. Cells 
were transfected with expression plasmids of TAF n 105AC or 
superdominant IkBo along with the green fluorescent protein 
piasmid and viability of the transfected cells was measured 
48 h after addition of TNF-a. Similar marked reductions in cell 
survival were observed in cells expressing TAF n 105AC or su- 
perdominant iKBa, in response to TNF-a (Fig. 7 A, columns 4 
and 6, and B, middle panel) However, when the A20 gene was 
co-transfected with TAF n 105AC, the TNF-a-induced apoptosis 
was overcome and cell survival was significantly increased 
(Fig. 1A, compare columns 4 and 8, and B). It was noted that 
the A20 gene only partially blocked the TNF-a-induced apop- 
tosis in cells expressing superdominant IkBo (compare col- 
umns 6 to 10). This suggests that full rescue from iKBa-medi- 
ated apoptosis requires expression of some other anti-apoptotic 
genes besides A20. Furthermore, the differential protective 
effect of A20 indicates that the inhibitory effect of TAF n 105AC 
on NF-kB anti-apoptotic genes is more restricted than that of 
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Fig. 7. Effect of A20 expression on survival of TNF-a-induced 
ceils. A, human 293T cells were co-transfected with expression plas- 
mids as indicated in the bottom of each column, and the GFP expression 
plasmid. Twenty-four hours after transfection TNF-a was added and 
48 h later green fluorescent cells from three fields were counted. These 
results are average of four independent transfection experiments. B, 
representative pictures of TAF n 105AC transfected 293 cells rescued 
from a po ptosis by A20 expression. 



IkBoc which is known to be a general inhibitor of NF-kB. Thus, 
it can be concluded that TAF n 105 mediates activation of only a 
subset of NF-K*B-dependent genes in response to TNF-a. This 
notion is consistent with the selective binding of TAF n 105 by 
just one of the NF-kB complexes induced by TNF-a. 

DISCUSSION 

In this study we have dissected the molecular mechanism 
involved in activation of anti-apoptotic genes by TAF n 105 and 
p65/RelA. Using biochemical and functional analyses of 
TAF n 105-NF-KB interaction together with the characteriza- 
tion of a gene regulated by TAF n 105 and NF-kB, we show that 
TAF n 105 functions in a selective manner with respect to NF- 
kB. TAF n 105 exhibits high affinity to NF-kB dimers composed 
of p65/p65 and p65/c-Rel subunits; interaction with het- 
erodimer composed of p65/50, however, is significantly less 
efficient. Since in the cell the amount of TAF n 105-TFIID com- 
plex is limited (26), it is likely that it will be targeted only by 
those NF-kB complexes for which it displays high affinity. 
Genes activated by the p65/p50 complex are, therefore, less 
likely to be regulated by TAF n 105. 

Identification of A20 as a gene regulated by TAF n 105, and 
examination of its anti-apoptotic activity provided some evi- 
dence that the relative affinity of TAF n 105 toward different 
forms of NF-kB dimers contributes to differential gene activa- 
tion by NF-kB. The results showed that the TNF-a-induced 
mRNA level of the endogenous A20 gene is enhanced by 
TAF n 105 expression and reduced by both dominant negative 
mutants of TAF n 105 and iKBa. Consistent with the cell death 
protective function of the A20 gene, its expression in 293 cells 
shields them against apoptosis induced by the mutant 
TAF n 105 protein and TNF-a, suggesting that down-regulation 
of A20 by TAF n 105AC is associated with the cell death re- 
sponse. Since the A20 gene only partially suppresses apoptosis 
induced by superdominant IkBc* and TNF-a, full protection 



requires additional genes activated by NF-kB as reported else- 
where (17). Importantly, the differential effect of A20 on 
TAF n 105AC and IkBoc indicates that the inhibitory effect of 
TAF n 105AC on NF-kB activity is not as general as is that of 
IkBo, and is directed to certain specific genes. These results are 
compatible with the selective association of TAF n t05 with one 
of NF-kB complexes induced by TNF-a in 293 cells. Hence, it is 
conceivable that NF-kB can utilize alternative pathways for 
transcription activation. Such alternative pathways might be 
dependent on the structure and composition of the target gene 
promoter as well as on the existence of other coactivators for 
NF-kB proteins. This idea is consistent with recent studies 
showing that transcription activation by the p65/RelA subunit 
of NF-kB can be mediated by multiple and distinct coactivators 
(9-13). It has been suggested that different coactivator com- 
plexes may act sequentially during the transcription activation 
process (28). Our results also raise the possibility that different 
coactivator subunits may function in the context of different 
target genes, suggesting that activator-coactivator interaction 
is important for specifying gene activation. The suggested 
mechanism provides a partial explanation as to how NF-kB 
containing complex activates different arrays of genes in re- 
sponse to different extracellular signals. 

The expression pattern of TAF n 105 and A20 genes in normal 
tissues is similar. TAF n 105 protein levels are relatively high in 
certain B cell lines (26) and in normal murine lymphoid organs 
such as spleen and thymus (data not shown). Similarly, high 
levels of the murine A20 mRNA were also found in lymphoid 
organs, including the thymus and spleen (27). Since NF : kB is 
constitutively active in many lymphoid cell types, it is possible 
that large amounts of NF-KB-TAF n 105-TFIID complex in 
lymphoid cells are responsible for the significant expression of 
the A20 gene in these cells. 

The role of TAFs in transcription is not entirely understood. 
In vitro transcription studies have clearly indicated that TAFs 
are essential activation domains mediators, as well as pro- 
moter selectivity factors (29, 30). On the other hand genetic 
analysis of some yeast TAFs indicated that transcription from 
many promoters is not affected by their inactivation (31, 32). 
Moreover, recent studies revealed a mechanism of transcrip- 
tion activation that is TAF-independent (33, 34) and that cer- 
tain TAFs are subunits of additional multiprotein complexes 
(35-37). It is therefore apparent that identifying the genes 
regulated by TFIID subunits and the mechanism by which 
these TAFs function in vivo are critical to understanding the 
role of TAFs. The previous finding that TAF n 105 is an activa- 
tion domain-specific coactivator of p65/RelA required for tran- 
scription activation of anti-apoptotic genes (9) together with 
the present characterization of TAF n 105 as coactivator of a 
specific set of NF-kB genes, is an important step toward un- 
derstanding how TAFs work and what role they play in specific 
gene regulatory pathways. 
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